The compound BaCuSi 2 O 6 is a quantum magnet with antiferromagnetic dimers of S 1=2 moments on a quasi-2D square lattice. We have investigated its spin dynamics by inelastic neutron scattering experiments on single crystals with an energy resolution considerably higher than in an earlier study. We observe multiple magnon modes, indicating clearly the presence of magnetically inequivalent dimer sites. The more complex spin Hamiltonian revealed in our study leads to a distinct form of magnon BoseEinstein condensate phase with a spatially modulated condensate amplitude. The investigation of field-induced quantum phase transitions (QPTs) in magnetic insulators continues to enrich our understanding of the possible quantum ground states of matter [1] [2] [3] [4] [5] . Structurally dimerized quantum spin systems play a preeminent role in these studies. One recent example is the phase diagram of the compound BaCuSi 2 O 6 [6 -9], in which antiferromagnetic (AF) dimers formed by the S 1=2 magnetic moments from pairs of Cu 2 ions are arranged on a quasi-two-dimensional (2D) square lattice. This material is one of the best candidates for the investigation of field-induced Bose-Einstein condensate (BEC) of magnetic quasiparticles, and a 3D-2D dimensional crossover at the QPT has been reported [9] .
The investigation of field-induced quantum phase transitions (QPTs) in magnetic insulators continues to enrich our understanding of the possible quantum ground states of matter [1] [2] [3] [4] [5] . Structurally dimerized quantum spin systems play a preeminent role in these studies. One recent example is the phase diagram of the compound BaCuSi 2 O 6 [6 -9] , in which antiferromagnetic (AF) dimers formed by the S 1=2 magnetic moments from pairs of Cu 2 ions are arranged on a quasi-two-dimensional (2D) square lattice. This material is one of the best candidates for the investigation of field-induced Bose-Einstein condensate (BEC) of magnetic quasiparticles, and a 3D-2D dimensional crossover at the QPT has been reported [9] .
The ground state of weakly interacting antiferromagnetic dimers is a spin singlet (jS; S z i j0; 0i) separated by an energy gap from excited triplet states (j1; 0i and j1; 1i). A QPT occurs at the field H c =g B , where the S z 1 component condenses. At H > H c the average triplet density becomes finite (magnon BEC) and the ground state changes from a nonmagnetic singlet to an ordered magnetic phase. The triplet quasiparticles may also be considered as hard-core bosons with a kinetic energy and an effective repulsion. Depending on the balance between these terms, a characteristic spatial modulation of the triplet density may arise, whereas in a uniform BEC this is identical for all sites.
The classes of field-induced QPT known to date in dimer spin systems are summarized in Fig. 1 . For magnetic interactions with weak or no frustration, the kinetic energy is dominant and the ordered, or BE-condensed, ground state is uniform at H > H c , as in TlCuCl 3 [4, 5, 10, 11] . In SrCu 2 BO 3 2 [5, 12, 13] triplet hopping is suppressed by geometrical frustration and the repulsion causes the condensed triplets to form a superlattice with spontaneous breaking of translational symmetry and the appearance of magnetization plateaus [14] . All dimer sites have finite, if weak, triplet density at H > H c [13] . Magnetization plateaus occur also for strong and explicit translational symmetry breaking, which leads to inequivalent dimer sites and multiple magnon modes, as in NH 4 CuCl 3 [15, 16] where the separation of the singlet-triplet gaps exceeds the magnon bandwidths.
Prior to this study the magnetic Hamiltonian used to describe BaCuSi 2 O 6 was based on an inelastic neutron scattering (INS) investigation with coarse energy resolution [6] and on fits to thermodynamic data [7, 8] . Motivated by the exotic low-temperature behavior [9] , the lack of high-resolution data and reports of a structural phase transition around 100 K [17, 18] , we have investigated the magnetic excitation spectrum by high-resolution INS. We find evidence for explicitly broken translational symmetry in the form of inequivalent dimer sites. Our results therefore establish BaCuSi 2 O 6 as representative of a fourth category [ Fig. 1(IV) ] of field-induced QPT system, namely one with a spatially modulated BEC ground state, but without magnetization plateaus, and we propose a closer examination of the magnetic properties around the quantum critical point (QCP).
Five single crystals of BaCuSi 2 O 6 were coaligned to provide a total mass of 1.25 g. The total mosaic spread of the assembly was excellent and matched the instrumental resolution [ Fig. 2(a) ]. We note that recently a tetragonal-to-orthorhombic distortion related to a structural modulation with wave vector 0 0:129 0 was reported [18] .
INS spectra at T 1:8 K and zero magnetic field were collected on the cold-neutron triple-axis spectrometer TASP [19] , operated with fixed final momentum k f 1:3 A ÿ1 (1:5 A ÿ1 ), a focusing pyrolytic graphite monochromator and analyzer, a cold Be filter, and an open horizontal collimation to gain intensity. The Gaussian energy resolution of 0.14(0.23) meV (FWHM) is considerably improved compared to that in Ref. [6] . Figure 2(b) shows the spectrum at the AF zone center Q q h q k q l 0 0 3 and can be compared directly to Fig. 2(b) of Ref. [6] . Surprisingly, the singlet-triplet gap has a clear multipeak structure over an energy range of 1 meV. This splitting cannot be attributed to the multicrystal sample [ Fig. 2(a) ]. Thus the triplet excitation spectrum of BaCuSi 2 O 6 displays a much higher degree of intrinsic structure than reported originally.
The INS spectrum in Fig. 2 (b) is described by two Gaussian peaks. However, while the excitation at lower energy transfer, denoted as mode I, has an energy width compatible with the instrumental resolution, the peak at higher energies is considerably broader. The evolution of the inelastic signal in the square-lattice plane is presented in Fig. 2(c) , and the multipeak structure is observed at every point. At 0:6 0 4 the slope of the resolution ellipsoid matches that of the dispersion relation, giving optimal resolution conditions [ Fig. 2(d) ]: this spectrum reveals that the excitation at higher energy transfer consists of at least two transitions, which are denoted as modes II and III. However, peak II remains broader in energy than expected from the instrumental resolution (cf. mode I), and therefore may consist of more than one mode.
The dispersion of modes I-III is extracted from the data by least-squares fits of the resolved peaks, and is summarized in Figs. 3(a) and 3(b). A cosine dispersion is observed in the square-lattice plane: modes I-III disperse in parallel and are well described by the lowest-order perturbative expression PRL The total INS intensity of modes I-III is modulated along 0 0 q l by the dimer structure factor jfQj 2 sindq l 2 [6] [ Fig. 3 Fig. 3(d) ], a difference indicative of inequivalent dimer layers. However, a model with uniform layers of dimers oriented parallel to the c axis and modulated only in this direction would predict a weakly decreasing INS intensity with increasing j q h 0 4j. The q h dependence of the measured intensity [ Fig. 3(c) ] shows further structure which is clearly inconsistent with equivalent dimer sites in each plane [and thus also with the simple representations in Fig. 1(IVc) and Eq. (1)]. We are driven to conclude that the magnetic interactions are also modulated within the square planes, consistent with what is known of the low-temperature structure [18] .
The dependence of the excitation spectrum on magnetic fields up to H 4 T is shown in Fig. 4 . These data were collected on the spectrometer RITA-II [20] with experimental conditions similar to TASP. The H 0 T data in Fig. 4(a) confirm our conclusions concerning the multipeak excitation structure [cf. Fig. 2(d) ]. At finite magnetic fields a redistribution of spectral weight is observed. While mode I is clearly split, the transitions at higher energies are barely resolved due to peak overlap [Figs. 4(b) and 4(c)]. One may proceed by fixing the peak widths at the zero-field values and redistributing the spectral weight according to the relative contributions expected for Zeeman-split triplet modes, namely 1=4, 1=2, and 1=4, respectively, for S z 1, 0, and ÿ1 components; the only fitting parameters are the centers of the Gaussian peaks. This approach describes the observed finite-field spectra quite satisfactorily, whereas a model with fieldindependent modes II and III cannot [dashed lines in Fig. 2(d) ], while g 2:014, in good agreement with the value reported in Ref. [8] . That each of the modes I-III displays individual Zeeman splitting into components E ;0 H demonstrates again the presence of inequivalent dimer sites. Different candidate mechanisms for a zerofield energy splitting, such as exchange anisotropy or Dzyaloshinskii-Moriya interactions [10, 21] , are probably present in BaCuSi 2 O 6 at some small energy scale [22] . However, these would produce only three modes at finite fields and are therefore excluded as the origin of our observations.
The INS results presented here identify BaCuSi 2 O 6 in a class of low-dimensional quantum magnets which has not yet been considered: despite explicitly broken translational symmetry of the spin Hamiltonian there are no plateaus in the uniform magnetization (Fig. 1) [7] . Both the presence of four dimer layers along the c axis of the large unit cell and the structural distortion at T 100 K introduce the potential for different intra-and interdimer interactions. Our results indicate that both interlayer and weak in-plane modulations are present. A minimal magnetic model could be expected to generate at least 4 excitations, consistent with the broad, unresolved appearance of mode II.
The inequivalent dimer sites reflected in the INS spectra result in gaps which differ by less than the bandwidths of the individual triplets, in contrast to NH 4 CuCl 3 [16] [ Figs. 1(IIIa,IVa) ], removing the possibility of magnetization plateaus [ Figs. 1(IIIb,IVb) ]. Each of the measured 
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week ending 5 JANUARY 2007 modes shows Zeeman splitting in an applied field, which would drive the spin system towards a QCP occurring when the lowest gap 1 vanishes at H 1 H c . Above H c , the density of triplet quasiparticles would be largest for sites of type 1, but because of their direct real-space coupling, dimers of types 2 and 3 would also acquire finite, if weak, triplet densities [13, 15] . The BEC state must therefore be characterized by a spatially modulated amplitude of the order parameter. As the field is increased through the values H corresponding to the gaps ( 2 and 3), raising the uniform magnetization and the BEC order parameter, the effect of interdimer interactions in a system such as BaCuSi 2 O 6 is to cause a mixing of the lowlying triplet modes E H with the ground state. This mixing precludes further phase transitions and causes the magnetization to display a crossover rather than a kink at these fields [ Fig. 1(IVb) ], in accord with the measurement of Ref. [7] . The spatial modulation of the BEC order parameter may in principle be detected by nuclear magnetic resonance studies of the many inequivalent Cu sites at H > H c [23] .
In BaCuSi 2 O 6 our results indicate that the dimer modulation occurs predominantly between planes [Figs. 3(c) and 3(d)], and thus that the indices correspond to separate bilayers. In this case the triplet density at H c < H < H 2 is higher on dimer layers 1, and is lower on the intervening bilayers [cf. Fig. 1(IVc) ]; indeed the structural modulation must lead in this way to an enhancement of the anisotropic nature of the BEC order parameter, as depicted in Fig. 4(e) . The structural modulation also raises the distinct possibility that geometrical frustration of interlayer triplet hopping [Eq. (1) ] is less than perfect at low temperatures. However, the thermodynamic measurements of a 2D QCP in BaCuSi 2 O 6 as a consequence of this frustration [9] demonstrate that the energy scale of any unfrustrated hopping component is below 30 mK.
In summary, we have investigated the magnetic excitation spectrum of BaCuSi 2 O 6 in zero field and at H < H c by inelastic neutron scattering on single crystals. The very much higher energy resolution than in earlier studies allows the determination of a spin Hamiltonian whose exchange interactions indicate a complex picture of the ground state and of the field-induced QPT observed in this material. Inequivalent dimer sites give a multimode excitation spectrum, and as a further consequence the BEC phase at H > H c is anticipated to be spatially modulated. 
